Abstract A nanocomposite, prepared from reduced graphene oxide (rGO), Methylene Blue (MB) and gold nanoparticles (AuNPs), was used to modify a glassy carbon electrode for the determination of total dissolved iron by differential pulse voltammetry. The use of rGO warrants a larger electrode surface and the presence of more active sites, while electron transfer is accelerated by incorporating AuNPs. MB acts as an electron mediator, as an anchor for the AuNPs (which were grown in situ), and also prevents the aggregation of rGO. The modified electrode displayed a remarkably improved sensitivity and selectivity for Fe(III). The kinetics of the electrode reaction is adsorption-controlled, and the reversible process involves one proton and one electron. The response to Fe(III) is linear in the 0.3 to 100 μM concentration range, and the detection limit is 15 nM. Possible interferences by other ions were studied. The electrode was successfully applied to the determination of total dissolved iron in real coastal waters.
Introduction
Iron is one of the most common elements in the earth's crust with a natural abundance of 5.6 % [1] . It is essential for chlorophyll synthesis, nitrate reduction, and detoxification of reactive oxygen species [2] . Besides, it is responsible for hemoglobin synthesis, oxygen transport, and mitochondrial electron transfer because of its presence in the active site of the molecules [3] . The concentration of soluble iron in natural water is significantly different than those in river water (1 μM), coastal water (1 nM), and ocean water (10 pM) [4] . Moreover, iron plays an important role in aquatic biogeochemistry and can limit phytoplankton productivity like other nutrients such as phosphate, silicate, and nitrate in some certain ocean areas [5] , which may have a close connection to the global carbon cycle [6] . Therefore, accurate determination of iron in natural water is of significant interest because of its abundance and variable oxidation states in the environment. Many analytical methods such as spectrophotometry and flow injection analysis [7] , Fluorescence [8] , electrothermal atomic absorption spectrometry [9] , inductively coupled plasma optical emission spectrometry [10] , inductively coupled plasma-mass spectrometry [11] , chemiluminescence [12] , and electrochemical methods [13, 14] have been developed for the determination of iron. Although the spectrophotometric methods have been widely used, the size and weight of the instruments limit their use for in situ experiments. Moreover, the ultra trace determination of iron is very expensive and may be affected by other interferences.
The concentration of total dissolved iron in water is difficult to determine without preconcentration. The most common electrochemical method was based on the mercury electrode using adsorptive cathodic stripping voltammetry to measure reduction current of the adsorbed complex to obtain iron's concentration, and the complexation had to be performed prior to the concentration determination. Besides, the reduction potential of iron complexes changes with different chelating agents such as salicylaldoxime (SA) [15] , 1-nitroso-2-naphthol (NN) [16, 17] , 2-(2-thiazolylazo)-p-cresol (TAC) [18] , and 2,3-dihydroxynaphthalene (DHN) [19] . The complicated, expensive, time-demanding procedure, and mercury toxicity [20] have restricted its widespread use irrespective of its quite low detection limit for the determination of iron in water samples. In recent years, mercury-free and modified electrodes such as bismuth film electrode [21] , chemically modified carbon electrode [13] , and gold microelectrode ensemble [22] have been developed for iron determination owing to their lower mercury toxicity and considerably sensitive voltammetric detection. Carbon is an ideal replacement material for mercury and has been widely used due to its low price and disposability. Nanocomposite has always been a hot research topic in the past few years; in particular, the materials derived from reduced graphene oxide and gold nanoparticles have been broadly used as the electrode modifier because of their excellent electrochemical properties.
In this study, chemically reduced graphene oxide/ Methylene Blue/gold nanoparticles (rGO/MB/AuNPs) composite was used to modify the glassy carbon electrode to achieve the sensitive determination of the total dissolved iron in coastal water samples. The activation of the electrode surface with graphene resulted in the modification with functional groups such as carboxyl and carbonyl, which accelerated the reduction of Fe(III) [22] . Besides, the AuNPs can accelerate the electron transfer, thus increasing the sensitivity. Methylene Blue is an electron mediator full of π electrons and can avoid the aggregation of reduced graphene oxide (rGO) and increase the dispersity [23] , rendering a positive role in AuNPs in situ growth on the surface and cavity of rGO [24] . A number of factors have been optimized to obtain the best analytical signal for Fe(III) and the linear response is in the concentration range of 0.3-100 μM with a detection limit of 15 nM. The aim of this study is to establish an effective method for electrochemical determination of total dissolved iron in coastal waters using a long lived and sensitive rGO/ MB/AuNPs composite modified electrode.
Experimental

Materials
All chemicals and reagents were of analytical grade. Graphene was supplied by Nanjing Jcnano Technology Company (Nanjing, China. http://www.jcnano.com/ Preparation of the rGO/MB/AuNPs composite modified electrode rGO/MB/AuNPs composite was synthesized according to the previous report in our lab [24] . rGO/MB/AuNPs composite powders were dispersed in ethanol under ultrasonication for 10 min to get a suspension (0.5 mg mL ). Prior to use, the GCE was polished using aqueous alumina slurry (0.3 and 0.05 μm), washed with deionized water thoroughly, and then ultrasonicated for 1 min. The rGO/MB/AuNPs suspensions (10 μL) were added on the surface of GCE and dried using an infrared lamp to get the rGO/MB/AuNPs composite modified electrode. Water analysis for the total dissolved iron determination All bottles and containers used for standards and samples were soaked in 5 % nitric acid at least for 24 h and thoroughly cleaned with deionized water prior to use. Water samples were collected from Jiehe river (a local coastal river, which flows into the Bohai Sea, Shandong province, China) and coastal water of Bohai Sea. All the water samples were collected in acid-cleaned polyethylene bottles after filtration (0.45 μm membrane filters) and kept at 4°C until determination. A certain amount of HCl (30 %) and H 2 O 2 (30 %) were added to adjust the pH of water samples less than 2.0, then digested samples in quartz tubes for 30 min using a 500 W UV lamp (Metrohm MVA-UV 705, Switzerland. http://www.metrohm.com/).
Results and discussion
Choice of materials Nanomaterials have been widely used for construction of electrochemical sensors because they have various shapes, sizes, and compositions which can increase the analytical selectivity and sensitivity [25] . Amongst them, rGO and AuNPs are increasingly applied to fabricate the novel electrodes which have shown great sensitivity due to their unique electronic conductivity and large specific surface area [26, 27] . rGO is a two-dimensional carbon-based monolayer, it has attracted considerable attention and shown great application potentials due to its outstanding properties, such as high mechanical strength, high electrical conductivity, and versatile surface modification [28, 29] . Besides, electrochemical sensors based on AuNPs have been widely used since it possesses brilliant electrical properties, large surface-to-volume ratio, high surface reaction activity, and great adsorption ability [24] . More importantly, AuNPs have shown electrochemical signals to Fe(III) in HCl electrolyte [22] . The functional groups in rGO's basal and edge planes, such as carboxyl and carbonyl, will not only facilitate surface modification but also accelerate the reduction of Fe(III).
In our preliminary experiments, the responses of Fe(III) on various nanomaterials such as the multi-walled carbon nanotube, rGO, AuNPs and TiC nanoparticles were investigated. No signal responses were observed at multi-walled carbon nanotube and rGO modified electrodes, while the largest current response could be obtained at AuNPs modified electrode. rGO modified electrodes could provide larger electrode surface and more active sites. MB is a typical electron mediator which has been frequently used in chemical and biochemical sensors [30] . MB is used here to help AuNPs in situ growth uniformly on the surface of rGO. A novel glassy carbon electrode modified with rGO/MB/AuNPs composite was fabricated based on their synergistic effects for Fe(III) determination.
Characterization of the rGO/MB/AuNPs composite
The surface morphologies of the synthesized rGO/MB/ AuNPs composite were characterized by SEM and TEM. Figure 1 shows the SEM images of rGO (Fig. 1a) , rGO/MB (Fig. 1b) , and rGO/MB/AuNPs (Fig. 1c) , and the TEM image of the rGO/MB/AuNPs composite (Fig. 1d) . Figure 1a shows that rGO was slightly scrolled because of its partial aggregation. However, the surface of rGO/MB (Fig. 1b) was much rougher than that of rGO and a thin membrane-like substance probably formed on the surface of rGO because of the adsorption of MB. Figure 1c shows that AuNPs were distributed uniformly on the surface of the rGO/MB. Furthermore, the TEM image of the rGO/MB/AuNPs (Fig. 1d) indicated the successful attachment of the AuNPs on the rGO/MB composite.
The electrochemical behaviors of the bare GCE and rGO/ MB/AuNPs composite modified GCE were studied in 0.1 M HCl by CV in the potential range from −0.2 to +0.8 V. As shown in Fig. 2 , no obvious redox peaks were observed in the CVof bare GCE (curve a) within the scan range, indicating the absence of electroactive substances on bare GCE. Besides, CV of the rGO/MB/AuNPs composite modified GCE (curve b) showed two apparent pairs of redox peaks in the potential ranges of 0.3-0.4 V and 0.1-0.2 V for the oxygen-containing functional groups and the redox of electroactive MB on the electrode surface, respectively. Moreover, the background current of the rGO/MB/AuNPs composite modified GCE was relatively larger than bare GCE due to the fast electron transfer of the AuNPs or the increase of the electrode surface.
The redox behaviors of Fe(III) at the as-prepared electrodes were studied by DPV. Figure 3 shows the DPV responses of 10 μM Fe(III) at three different electrodes in 0.1 M HCl. There are not any reduction peak at bare GCE without and with Fe(III) (curve a and b). To better understand the role of MB in Fe(III) determination, the redox behaviors of Fe(III) were also investigated at the rGO/AuNPs (curve c and d) and rGO/MB/ AuNPs (curve e and f) composite modified electrode, which were synthesized in the same way without and with adding MB. However, both sharp reduction peaks at almost 0.5 V at the rGO/AuNPs and rGO/MB/AuNPs composite modified electrode were observed (curve d and f). Considering no background signal responses were observed for rGO/MB/ AuNPs composite modified electrode (curve c and e), the reduction peak was attributed to the reduction of Fe(III). Obviously, the reduction peak of Fe(III) at the rGO/MB/ AuNPs modified GCE (curve f) has a better shape and is about 10 times greater than that at the rGO/AuNPs modified GCE (curve d). rGO provided larger electrode surface and more active sites while AuNPs were helpful for the reduction of Fe(III) [22] . Meanwhile, MB as electron mediator accelerated the electron transfer and acted as a bridge to connect the AuNPs and rGO, which could result in the increase of the reduction current of Fe(III). The perfect electrochemical properties of the rGO/MB/AuNPs composite modified electrode exhibit a promising prospect for the detection of iron.
Optimization for the determination of iron on the rGO/MB/AuNPs composite modified electrode
The effect of the film thickness of the rGO/MB/AuNPs composite
The film thickness of the rGO/MB/AuNPs composite at the electrode surface was investigated at the volumes ranging 
The effect of electrolytes and pH values
Fe(III) salts are known to hydrolyze easily in slightly acidic and alkaline environment. Therefore, 0.1 M solutions of H 2 SO 4 , HClO 4 , HNO 3 , and HCl were chosen as the possible electrolytes. Among them, HCl was the best choice for Fe(III) detection because Cl − can be adsorbed on the AuNPs in the potentials more positive than 0.0 V, which may increase the electron transfer by bridging mechanism [31] . Because the pH value of HCl is an important factor affecting the signal response of Fe(III), the effect of the pH value of the solution on the electrochemical response of 10 μM Fe(III) at the rGO/MB/ AuNPs composite modified GCE was examined in various HCl solution at pH of 2.97, 1.99, and 0.98, respectively. The peak potential shifted in negative direction and was linear with increasing solution pH from 0.98 to 2.97. Moreover, the linear regression equation was E p =−0.062pH+0.50 (R 2 =0.999) according to Nernst Equation E=E 0 −2.303RTmpH/αnF, where m and n are proton and electron transfer numbers, respectively [32] . The slope of 62 mV pH −1 was close to the expected Nernstian theoretical value of 59.1 mV pH −1 at 25°C, indicating that equal numbers of protons and electrons (one electron and one proton) were involved in the electrode reaction [33] .
The effect of scan rate
To obtain the kinetic parameters of Fe(III) at the rGO/MB/ AuNPs composite modified GCE, the effect of scan rate with the analytical signal of Fe(III) was studied by linear sweep voltammetry. Figure 4a shows that the cathodic peak current increased gradually and was linear with the increasing scan rate from 25 to 200 mV s −1 , indicating that the electroreduction reactions of iron at the rGO/MB/AuNPs composite modified GCE were typical adsorption-controlled processes. A scan rate of 25 mV s −1 was chosen for the best signal to noise ratio. The relationship between the reduction peak potential and the logarithm of scan rate (logν) is shown in Fig. 4b , and the regression equation is expressed as E p =−0.0783logν+0.504 (R 2 =0.998). According to the Laviron theory K s =−2.303RT/(αnF) [34] , where n is the electron transfer numbers, the value of α was calculated as 0.76. Compared with a totally irreversible electrode reaction process (α=0.5), an adsorption-controlled and reversible electrode process can be obtained at the rGO/ MB/AuNPs composite modified GCE.
Calibration curve
The calibration curve of the Fe(III) was derived from the DPVs obtained at the rGO/MB/AuNPs composite modified Table 1 . The electrochemical methods showed relatively superior performances, such as simple procedure, cheap instrument, low testing cost and relatively lower detection limit. Considering the toxicity of mercury and higher detection limit of chitosan modified electrode, the rGO/MB/AuNPs composite modified GCE is easy to construct and has a good linear range without using chelating agents. Above all, the rGO/MB/ AuNPs composite modified GCE may be a good choice for iron determination in coastal seawater and river water because of its satisfactory results.
Reproducibility, repeatability and selectivity
The inter-electrode reproducibility of the rGO/MB/AuNPs composite modified GCE was evaluated in 10 μM Fe(III) by ten independently modified electrodes prepared with the same method and the corresponding relative standard deviation (RSD) was 5.5 %, which indicated that there was no significant difference among the analytical signals at various electrodes. The repeatability of the modified electrode was studied by detecting 10 μM Fe(III) using the same electrode for 10 measurements and the RSD was 3.2 %. Therefore, rGO/MB/ AuNPs composite modified GCE exhibited good reproducibility and repeatability. The oxygen present in the solution was better for detection because it can relatively accelerate the redox of Fe(III)/Fe(II). Moreover, to investigate the effects of possible interfering species for iron determination, various potentially interfering ions were added into 0.1 M HCl containing 10 μM Fe(III). , and Sn 4+ addition did not affect the determination of Fe(III) (<5 % of current change). The addition of sodium chloride at a concentration greater than 0.03 M would influence the signal of iron due to the background signal splits and shifts in the negative direction which was the same to the previous report [22] , making it difficult to correctly measure the signal for iron. Considering that our method was carried out in 0.1 M HCl (pH=0.98) and the seawater samples must be diluted 10-fold to determine, the effect of salinity was under control. Besides, adding equivalent of Ag + resulted in a sharp decrease in the signal probably because of silver chloride precipitation could be absorbed to the AuNPs which will hinder the electron transfer between electrode and Fe(III) [35] . The addition of Fe(II) resulted in a large increase in the cathodic signal of Fe(III), further proving that the mechanism of the detection was based on the redox of Fe(III)/Fe(II).
On the other hand, organic species may be absorbed on the surface of the electrode or be reduced in DPV, which will cause the obvious changes of current response. Humic substances are the most common natural reducible organic matter presented in aquatic environments which consist predominantly of polyphenols and benzoic/carboxylic acids. Catechol is a typical reducible organic species which is often used as the competing chelator to iron. The effects of humic substances and catechol have been investigated. The results showed that the signals were not interfered after adding 30-fold humic substances, but adding 10-fold catechol would change the peak shape. Because the determination of real water samples was carried out after UV digestion treatment, the organic substances have been all destroyed. The sample with 30-fold humic substances and 10-fold catechol was digested for 30 min under the UV lamp, the signals were similar to the original values. So, our method was not interfered by the organic species after UV digestion. These results indicated good selectivity of the composite modified electrode. Practical application of rGO/MB/AuNPs composite modified GCE To evaluate the practical application of the established electrode, the rGO/MB/AuNPs composite modified GCE was used for the total dissolved iron determination in real coastal water samples. The coastal seawater sample 1 was diluted 10 times when it was added into 0.1 M HCl and standard additions of Fe(III) of 0, 5 and 10 μM were applied during the measurement. The DPVs obtained at the optimal conditions are shown in Fig. 6 . The peak currents are linear with the concentrations (the inset in Fig. 6 ) and the equation was i p =− 0.558C−2.22 with a correlation coefficient of 0.997. The calculated result (39.8 μM) was in agreement with the value detected by ICP-MS (45.0 μM). The comparison results of our method and ICP-MS method on the local river samples and coastal sea water are shown in Table 2 . Obviously, the results were consistent with ICP-MS detection, indicating that the fabricated electrode may function as a new and functional electrochemical sensor for the total dissolved iron determination in river water samples and is also suitable for water samples from coastal zone area.
Conclusions
In summary, a novel and effective rGO/MB/AuNPs composite modified GCE was fabricated for sensitive determination of Fe(III). Compared to the bare GCE, the obtained rGO/MB/ AuNPs composite modified GCE significantly enhanced the reduction signal of Fe(III) with a detection limit of 15 nM. Moreover, the modified GCE showed excellent reproducibility, repeatability and selectivity for determination of total dissolved iron in real water samples. The fabricated electrode may function as a novel electrochemical sensor for determination of iron and is a promising platform for accurate electroanalysis of trace iron.
